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1. Introduction
Compared with conventional unidirectional laminated 
composites, textile composites have been widely applied in the 
aerospace, sports, automobile, and marine industries due to 
their advanced performance, including higher wholeness, less 
fabrication costs, greater shear strengths, and better impact 
resistance characteristics.[1] Composite structures are gradually 
replacing metal components in the automotive and aeronautic 
industry for their significant potential in weight reduction and 
design flexibility.[2]
Braiding has been used since 1800s for producing textile 
fabrics.[3] In the braiding process, the strands are deposited 
onto a centrally placed, transverse moving mandrel via 
strand carriers that rotate around the mandrel.[4] Constant or 
varying axisymmetric cross-section mandrels can be used.[5] 
Braided structures can be classified as two-dimensional (2D) 
braids produced on the conventional maypole braiders and 
three-dimensional (3D) through-thickness braids produced 
on specialized machinery.[6] Two-dimensional braids can be 
classified into diamond braid (1/1), regular braid (2/2), and 
Hercules braid (3/3), according to the interlacement of yarns 
(see Figure 1).[7] Diamond braids have an alternation of one tow 
passing above and then below the other tows, regular braids 
pass above two and below two tows in a repeat, and Hercules 
braids have a structure of three tows up and three tows down.[7]
The pitch length h and surface braiding angle θ are two important 
parameters of braided composites, which can be used for 
predicting the mechanical properties of braided composites 
and affect the micro-structures of braided composites as well.[8] 
The pitch length h is defined as the length formed in a complete 
machine cycle along the braiding direction.[9] The surface 
braiding angle θ is the angle between the braided yarns and 
the braiding direction on the fabric surface.[10,11] (See Figure 2).
References [11–13] studied the automatic measurement 
of pitch lengths and surface braiding angles for 3D braided 
composite preforms. However, there is limited research on the 
automatic measurement for 2D braided composite preforms. 
Manual measurement of the pitch length and surface braiding 
angle, which is still prominent in industry, is time-consuming, 
manpower-costing, and prone to errors. Therefore, it is 
significant to achieve the automatic measurement of the two 
parameters. In this paper, a method based on phase congruency 
is proposed to tackle this problem for biaxial, regular braided 
composite preforms.
2. Experimental
2.1. Materials
The braided tubes considered include 2D biaxial regular 
braided carbon, glass and aramid fiber composite preforms. 
The average diameters of the carbon, glass and aramid fiber 
filaments are, respectively, 5.70 µm, 7.91 µm and 11.02 µm, 
tested by the College of Textiles of Tianjin Polytechnic University 
using the fiber fineness analyzer manufactured by Laizhou 
Electron Instrument CO., LTD. (Taiyuan, China). As shown in 
Figure 3, the parts of fibers are cut as the sample and placed 
on the slide glass covered by a cover glass. The sample is then 
placed under the microscope of the fiber fineness analyzer. The 
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magnification and focus of the microscope are tuned to obtain 
a clear fiber image on the computer screen. Finally, a point is 
clicked on each side of the fiber image along the diameters 
direction, and the diameter is computed by the software. This 
step is repeated to get the average fiber diameter.
Since the braided tubes tend to deform, they are pasted on 
the horizontal plates by the double-sided tapes, as illustrated 
in Figure 4.
2.2. Image acquisition
The original images are acquired by the image acquisition 
system illustrated in Figure 5, which consists of a dome light 
source (DLS), a circular polarizing filter (CPF), a CCD camera, 
and a microcaliper. While acquiring the images, the CCD 
camera is vertically installed above the fabric, the CPF is fixed 
in front of the camera lens, and the microcaliper is put on one 
side of the fabric, keeping the surfaces of the microcaliper 
and the fabric on the same horizontal plane. The DLS is then 
put in front of the fabric, making the camera’s optical center 
go through the central axis of the light hole of DLS and the 
center of the fabric surface as well. Finally, the CPF is rotated, 
the camera exposure value is adjusted, and a clear image is 
selected and saved. The model and parameters of the devices 
used are shown in Table 1.
From Figure 6, we can see that using the CPF and DLS can 
improve the contrast and lightness of the images acquired.
2.3. Image preprocessing
The acquired images are preprocessed by the Lab transform[14] 
and a block-matching and 3D filter (BM3D)[15] to enhance 
the contrast and filter noise. The CIE-Lab color space was 
introduced by the Commission Internationale de L’Eclairage 
(CIE) in 1976. It has three axes: L, a and b, where L axis 
represents light while a and b axes are color channels. L, a and 
(a) Diamond braid (1/1)                 (b) Regular braid (2/2)                (c) Hercules braid (3/3)
Figure 1. Structures of 2D braids
(a) Ideal scenario (b) Practical scenario
Figure 2. Pitch length and surface braiding angle
Figure 3. Fiber fineness analyzer 
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b were converted from R, G and B space, using Eqs. (1)–(5) 
as follows.[14]
     
    =    
         
0.412453 0.357580 0.180423
0.212671 0.715160 0.072169
0.019334 0.119193 0.950227
X R
Y G
Z B
 (1)
Figure 4. Aramid fabric sample
  
                (a) The system diagram                                                           (b) The actual system
Figure 5. Image acquisition system
  (a) Without CPF and without DLS    (b) With CPF and without DLS       (c) Without CPF and with DLS        (d) With CPF and DLSFigure 6. Images acquired using different image acquisition schemes
Table 1. Devices and relevant parameters
Devices Parameters
Dome light source OPT-RID180-RGB
CCD camera Vieworks VA-8MC-M16AO
Camera lens Nikkor 28mm f/2.8D
Circular polarizing filter NiSi CPL 52mm
PC HP Pro 3335MT; CPU: AMD Athlon; (tm) X2 B28
Processor: 3.4GHz; Memory: 2GByte
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where Xw = 0.9504, Yw = 1.0000 and Zw = 1.0887 are the 
tristimulus of CIE X, Y and Z values with reference to the “white 
spot”. If the acquired image is a gray scale image, it is first 
turned into an equivalent RGB image (with the same values 
in the three channels) and then converted to the L, a and b 
space.[14] We extract the L channel image to achieve image 
enhancement. BM3D, which filters noise in the 3D transform 
domain by combining sliding-window transform processing 
with block-matching,[15] is then used to filter noise of the Lab 
transformed image. As shown in Figure 7, the image FBM3D 
preprocessed by Lab transform and BM3D has higher contrast 
and weaker texture.
2.4. Corner detection based on phase congruency
After preprocessing, image FBM3D is then processed for 
detecting corners based on phase congruency. The detailed 
steps are described as follows.
Step 1: Calculate the minimum moment of the phase 
congruency covariance ([16,17]) of FBM3D, getting image FPCm 
(Figures 8 (d) and 9 (d)).
Step 2: Binarize FPCm using a threshold T = 0.25, obtaining 
image FT (Figures 8 (e) and 9(e)):
 
, ( , )
( , )
,
PCm
T
F i j T
F i j
otherwise
≥
= 

255
0   (6)
Step 3: Remove false corners based on the principle that 
the gray value of the true corner is smaller than other 
corners’ in certain neighborhoods: first, scan FT with 11×11 
neighborhoods centered on the corners detected in FT; then in 
the neighborhoods, compare all corners’ gray values in FL and 
reserve only corners with the minimum gray values. Repeat 
this procedure using FPCm in 7×7 neighborhoods, getting corner 
map Focor (Figures 8(g) and 9(g)).
Step 4: Further remove the false corners based on image 
autocorrelation,[18] obtaining the image Focor. In this step, an 
approximate value Th of pitch length will be used, based on 
which the image autocorrelation[18] reflects the cyclic changes 
of the fabric texture, and the periods are approximately equal to 
the pitch length in pixels. Thus, Th can be calculated as follows: 
Firstly, calculate each row’s autocorrelation map FACi of FL (i=1, 
2, 3, ..., m; m is the number of rows of FL); Secondly, calculate 
the average peak-to-peak value Thi of the three peaks located 
in the middle of FACi, and then choose the maximum value Thmax 
= max{Thi} as a reference value; Thirdly, in FACi, if there are three 
peaks in the interval [Pmi-Thmax, Pmi+Thmax] (Pmi is the position 
of the middle peak), then save this Thi; Finally, calculate the 
average value of the saved Thi as Th.
Let A1(x1, y1), A2(x2, y2) and A3(x3, y3) be the three adjacent 
corners. Define d12 and d23 as the distance between A1 and 
A2, and, A2 and A3, respectively. There are two cases when 
removing false corners in Focor:
Case 1: Remove corner A1 if either of the following conditions 
is met:
• |d23-k*Th| < 7+3(k-1) and d12 < Th-10 (k = 1, 2, 3, ....).
• |d23-k*Th| < 7+3(k-1) and l*Thin+Thind10+1.5+0.5(l-1) < d12 
< (l+1)Th-(15+5(l-1)), k = 1, 2, 3, ...; l = 1, 2, 3, ....; where 
Thin is the integer part of Th and Thind10 is the integer part 
of (1/10)Th.
Case 2: Remove corner A2 if either of the following conditions 
is met:
• d12 < (1/3)Th and (1/3)Th < d23 < Th-10.
• d23 < (1/3)Th and (1/3)Th < d12 < Th-10.
Case 3: Remove corner A3 if either of the following conditions 
is met:
• |d12-k*Th| < 7+3(k-1) and d23 < Th-10 (k=1, 2, 3, ...).
• |d12-k*Th| < 7+3(k-1) and l*Thin+Thind10+1.5+0.5(l-1) < d23 < 
(l+1)Th-(15+5(l-1)), k = 1, 2, 3, ...; l = 1, 2, 3, ....
Step 5: Fill missing corners for Focor:
Case 1: Missing corners are assumed between two known 
corners.
Let d12 be the distance between two known corners A1(x1, y1) 
and A2(x2, y2). If k*Th+(2/3)Th < d12 < (k+1)Th+(1/3)Th, then 
assume k missing corners (k = 1, 2, 3, 4, ...) between A1 and A2. 
The coordinates (xm, ym) of one missing corners are calculated 
by
 ( ) /my y y= +1 2 2   (7)
          (a) Original image Fori                                                           (b) L channel image FL                                   (c) BM3D filtered image FBM3D
Figure 7. Image preprocessing
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(a) Fori               (b) FL                 (c) FBM3D
   
(d) FPCm               (e) FT (f) Part of FT marked by
yellow circle in (e)
    
(g) Focor (h) Part of Focor marked by 
yellow circle in (g)
(i) Ffcor
Figure 8. Corner detection process of carbon fiber fabric
   
(d) FPCm (e) FT (f) Part of FT marked by yellow circle in (e)
   
(g) Focor (h) Part of Focor marked by yellow circle in (g) (i) Ffcor
    
                              (j) Fori                                                                           (k) FL                                                                     (l) FBM3D
Figure 9. Corner detection process of glass fiber fabric
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and intercept of the line determined by corner Al and Ar. The 
coordinates of the two missing corners (xel1, yel1) and (xel2, yel2) 
are computed by
 el ly y h= −1   (15)
 el ly y h= −2 2   (16)
 
( ) / ,
,
el lr lr l r
el
l l r
y b a x x
x
x x x
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1
  (17)
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el lr lr l r
el
l l r
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x
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− ≠
= 
=
2
2
  (18)
Similarly, more than two missing corners can be handled.
Case 2.2: One known corner in a line
(xel, yel), (xel1, yel1) and (xel2, yel2) can be computed similarly with 
Eqs. (13)–(18), the difference is here h = Th.
Case 3: Missing corners are assumed between the rightmost 
corner and right edge of the image. The treatment is similar to 
Step 5 of Case 2.
Finally, adjust the filled missing corners using FPCm in 7×7 
neighborhoods, getting corner map Ffucor, similar to Step 5 of 
Case 1.
Step 6: Adjust all the corners in 3×3 neighborhoods based on 
image FL, getting image Ffcor, which is similar with the Case 1 
of Step 5.
Figures 8 and 9 illustrate the corner detection process of 
carbon and glass fiber fabric, respectively.
2.5. Measurement of pitch lengths and surface braiding 
angles
Pitch lengths and surface braiding angles are measured based 
on the detected corner map Ffcor. As shown in Figure 10, the 
pitch length dAiAjpl can be computed by
 AiAjpl AiAj cd d d= ×   (19)
where dAiAj is the distance between corner Ai and Aj (i = 1, 2, 3, 
...; j = i+1), and dc is the actual length per pixel determined from 
 
( ) / ,
,
m
m
y b a x x
x
x x x
− ≠
=  =
1 2
1 1 2   (8)
The coordinates (xm1, ym1) and (xm2, ym2) of the two missing 
corners are calculated by
 = +my y h1 1   (9)
 my y h= +2 1 2  (10)
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where a and b are respectively, the slope and intercept of the 
straight line connecting A1 and A2 h = d12/(k+1). The cases with 
more missing corners can be handled similarly. Finally, adjust 
the positions of these detected missing corners; compare all 
the gray values of the image FL in 3×3 neighborhoods centered 
on each detected missing corner; and choose those with 
minimum gray values as new corners.
Case 2: Missing corners are assumed between the leftmost 
corner and left edge of the image.
Let dcel be the distance between the leftmost corner and the left 
edge. If k*Th+(1/20)Th < dcel < (k+1)Th, then assume k missing 
corners between the leftmost corner and the left edge (k = 1, 
2, 3, ...).
Case 2.1: More than one known corner in a line.
Let Al(xl, yl) and Ar(xr, yr) be the known leftmost corner and the 
known rightmost corner in the same line, respectively. Then the 
coordinates of a single missing corner (xel, yel) is computed by:
 el ly y h= −   (13)
 
( ) / ,
,
el lr lr l r
el
l l r
y b a x x
x
x x x
− ≠
= 
=   (14)
where h = min{da, Th}, da is the average distance between 
adjacent known corners; alr and blr are respectively, the slope 
Figure 10. Labeled corners and angle of aramid fiber
AUTEX Research Journal, DOI: 10.1515/aut-2018-0012 © AUTEX 
http://www.autexrj.com/ 6
points on the image of computer screen and the pitch length 
is computed as = − + −2 2(109 109) (157 204)ABpl cd d . In Figure 12(b), 
the angle θ measured by protractor is 73.05°, and the surface 
braiding angle is (1/2)∠θ = (1/2)73.05 = 36.525°. Each pitch 
length and surface braiding angle are measured manually for 
ten times and the averages are taken as the final results.
Manual measurements of the pitch length and surface 
braiding angle are used to benchmark the proposed automatic 
measurement method due to their small standard deviations as 
shown in Table 2.
Figure 13 plots the errors (ordered in the ascending order) of 
our proposed method relative to manual measurements. Table 
3 gives the average values of the pitch length and surface 
braiding angle measurements and the relative errors, where dah 
and dao are the average values of the pitch lengths measured 
by hands and by our method, respectively, θah and θao are the 
average values of the surface braiding angles measured by 
hands and by our method, respectively, and eda and eθa are, 
respectively, the errors of the average pitch length and surface 
braiding angle relative to manual measurements.
From Figure 13 and Table 3, the following observations can be 
made:
• The proposed method achieves automatic measurement 
of pitch lengths and surface braiding angles of 2D biaxial 
image calibration. Similarly, the pitch lengths dBiBjpl, dCiCjpl and 
dDiDjpl can be calculated.
The surface braiding angles (1/2)∠θ1 and (1/2)∠θ2 can be 
calculated by
 (1/2)∠θ1 = (1/2)∠A2C2D2 (20)
 (1/2)∠θ2 = (1/2)∠C4D3F4 (21)
3. Results and discussion
In this section, four sample images are tested using the 
proposed method. Figure 11(a)–(d) are respectively for carbon, 
carbon, glass and aramid-fiber fabric cropped from the original 
images acquired in Section 2.2. The measured angles are 
labeled in Figure 11(e) – (h). In Figure 11(e), for example, the 
measured surface braiding angle are (1/2)∠θi (i = 1, 2, 3, ..., 
18), and the measured pitch lengths are dAiAjpl = dc×dAiAj (i = 1, 
2, ...; j = i+1), where dAiAj is the pixel distance between corners 
Ai and Aj. Pitch lengths dBiBjpl in the second line and other lines 
are measured in the same way.
With manual measurements, dAiAj is measured by clicking 
relevant points on the image and θi is measured using the 
protractor. For the example in Figure 12(a), the coordinates of 
corner A(109, 157) and B(109, 204) are acquired by clicking 
                  
    (a) Image F1 (b) Image F2 (c) Image F3 (d) Image F4
                  
   (e) Labeled angles 
 and corners of F1
(f) Labeled angles of F2 (g) Labeled angles of F3 (h) Labeled angles of F4
Figure 11. Tested images and labeled angles and corners
(a) (b)
Figure 12. Manual measurement of (a) pitch length and (b) surface braiding angle
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(a) Results of corner detection of image F1 (b) Relative errors of measuring surface 
braiding angles of F1
(c) Relative errors of measuring pitch lengths 
of F1
(d) Results of corner detection 
of image F2
(e) Relative errors of measuring surface 
braiding angles of F2
(f) Relative errors of measuring pitch lengths 
of F2
(g) Results of corner detection of image F3 (h) Relative errors of measuring surface 
braiding angles of F3
(i) Relative errors of measuring pitch lengths 
of F3
(j) Results of corner detection of image F4 (k) Relative errors of measuring surface 
braiding angles of F4
(l) Relative errors of measuring pitch lengths 
of F4Figure 13. Corner detection results and relative errors of measuring pitch lengths and surface braiding angles
Table 2. Standard deviation of pitch length and surface braiding angle measured by hands
Standard deviation of pitch length Standard deviation of surface braiding angle
Minimum Maximum Average Minimum Maximum Average
F1 0.026 0.10 0.061 0.40 0.90 0.64
F2 0 0.056 0.022 0.27 0.88 0.53
F3 0.018 0.063 0.040 0.34 1.15 0.73
F4 0.018 0.062 0.036 0.31 1.065 0.62
Table 3. Average values and relative errors of pitch length and surface braiding angle measurements 
dah (mm) dao (mm) θah (°) θao (°) eda (%) eθa (%)
F1 4.07 4.06 34.35 32.93 0.25 4.13
F2 1.92 1.92 34.26 33.53 0 2.13
F3 2.58 2.57 40.59 41.57 0.39 2.41
F4 2.19 2.18 35.04 35.36 0.46 0.91
AUTEX Research Journal, DOI: 10.1515/aut-2018-0012 © AUTEX 
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regular braided composite preforms with small relative 
errors.
• The relative errors of pitch lengths measured by our 
method are smaller than that of surface braiding angles. 
The reasons are as follows. Firstly, the fabric crimp can 
affect the line angle determined by the two corners so as 
to affect the direction of the fiber bundle represented by 
the line; secondly, compared to the lengths, the angles are 
more sensitive to the changes of corner positions.
4. CONCLUSIONS
In summary, we achieved automatic measurement of pitch 
lengths and surface braiding angles of biaxial regular braided 
composite preforms based on the phase congruency. Some 
conclusions are drawn:
• The proposed method is not only suitable to measure 
pitch lengths and surface braiding angles of carbon-fiber 
fabrics, but also has good robustness to be applied to the 
measurements of color-fiber fabrics, such as glass- and 
aramid-fiber fabrics.
• The phase congruency covariance used in corner detection 
robustly pointed out the approximate locations of corners, 
which provides a good foundation for the subsequent 
corner detection.
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